In the present study, the effect of cerium content in the range of 0~0.0676% on oxygen and sulfur content, as well as the quantity, size, distribution, and type of inclusions in C104Cr saw wire steel, were investigated using thermodynamic analysis, metallographic examination, SEM-EDS, and component analysis. The results showed that conducting a vacuum carbon pre-deoxidization process is helpful in preventing the formation of Ce 2 O 3 inclusions in a smelting experiment, and cerium has a beneficial effect in terms of modifying inclusions. When the content of cerium in steel is 0.0136% or 0.0277%, the main inclusions in the steel are Ce 2 O 2 S and CeS, and when the content of cerium is 0.0389% or above, the inclusions in the steel are Ce 2 O 2 S, CeS, Ce-S-O-P(As), Ce-O-P, and Ce-P(As). The calculation of the segregation model showed that the precipitation of CeP and CeAs in steel takes place at the end of solidification. According to the element mapping distribution diagram of Ce-S-O-P(As) and the layered Ce-O-P inclusions found in steel with high cerium content, two possible mechanisms for the formation of Ce 2 O 3 inclusions distributed in the outer layer of cerium composite inclusions are proposed. The first mechanism suggests that Ce 2 O 3 inclusions are generated from the combination of [Ce] and [O] directly, and the second suggests that Ce 2 O 3 is the product of an oxidization reaction after the formation of CeP.
Introduction
Saw wire is generally used to cut silicon wafers for the solar photovoltaic industry, and it is a key consumable material in silicon wafer wire cutting technology [1, 2] . Saw wire steels should be manufactured with ultra-high cleanness and high strength in order to achieve a fine diameter, low breaking rate, and other strict requirements. The saw wire market has developed very rapidly, with the diameters varying between 55 and 70 µm and tensile strengths reaching 4500 MPa in the last two years. With the development of the saw wire market, saw wire is predicted to advance towards finer diameters and higher strengths [2] . Therefore, the cleanness of the saw wire steel needs to be rigidly controlled in two respects: Firstly, the total number of inclusions should be as low as possible; secondly, large-sized inclusions should be removed as much as possible [3] .
Rare earth (RE) material has a significant effect on the cleanness of steel [4] [5] [6] [7] [8] [9] [10] . Because RE has strong chemical activity, RE is able to fully capture oxygen, sulfur, and harmful residual elements in steel and can also form RE inclusions. When the dynamic conditions are favorable to the inclusions floating on the molten steel surface, the existing inclusions can be sufficiently removed from the steel, thus improving the cleanness of the steel. However, exorbitant RE content will result in a large number Therefore, it is worthwhile, for the purposes of industrial applications, to study the effect of the RE content on the cleanness of saw wire steel and to determine the optimal cerium content. Additionally, it has been reported that RE composite inclusions (containing RE, O, P, As, and so on) can form in steel with a high addition of RE [12, 13] ; however, the formation conditions and evolution mechanisms of these RE composite inclusions require further study.
In the current study, cerium was chosen to be added to molten C104Cr saw wire steel using a 30 kg vacuum induction furnace, and the effects of the cerium addition (0 wt %, 0.03 wt %, 0.05 wt %, 0.08 wt %, and 0.10 wt %) on the oxygen and sulfur content, as well as the quantity, size, distribution, and type of inclusions in the C104Cr saw wire steel, were investigated using thermodynamic analysis, metallographic examination, SEM-EDS, and component analysis. Based on the experimental results, the formation conditions and evolution mechanisms of the RE composite inclusions in C104Cr steel are discussed.
Experiments

Experimental Procedure
First, 5 heats of C104Cr saw wire steel with different cerium addition (0 wt %, 0.03 wt %, 0.05 wt %, 0.08 wt %, and 0.10 wt %) were prepared using a 30 kg vacuum induction furnace. After solidification and the subsequent cooling process, the inclusions in the steel were then studied. The schematic diagram of the experimental setup is shown in Figure 1 . A MgO·Al2O3 crucible was used in this experiment. The cerium was supplied by IMR (Institute of Metal Research, Chinese Academy of Sciences, Shenyang, China), and pure iron (the main impurity components were as follows: C-0.0017%, Si-0.005%, Mn-0.025%, P-0.0095%, S-0.0064%, Cr-0.014%, N-0.0036%, O-0.0086%, and Al-0.003%), carbon, chromium, silicon, and manganese were prepared before the smelting experiment. During the smelting process, cerium was added after thorough vacuum carbon pre-deoxidization in order to prevent the formation of Ce2O3 inclusions. The smelting process can be summarized as follows: (i) Pure iron, chromium, and carbon (80% of the total mass) were added to the crucible, and the other alloy materials were loaded into hoppers in the order of silicon, carbon (20% of the total mass), manganese, and cerium; (ii) vacuuming was started, and the heating system was turned on; (iii) the pressure in the furnace was maintained at below 5 Pa for 20 min; (iv) the argon was piped into the furnace for testing; (v) when the temperature of the molten steel reached 1873 K (1600 °C), silicon and carbon were added to the molten steel, in turn; (vi) the vacuum pump was started in order to decrease the pressure in the furnace until it reached 1 Pa; (vii) argon was piped into the furnace for production once again; (viii) manganese was added to the molten steel; (ix) by adjusting the power, the temperature was increased to 1833 K~1873 K (1560 °C~1600 °C), and then, cerium was added to the molten steel; and (x) the molten steel was cast into ingots after 3 min. 
Analysis Methods
The mass fraction of O and N in the steel was determined using a Leco TC500 N/O analyzer. The mass fraction of C and S in the steel was measured using an infrared C/S analyzer, and Si, Mn, Cr, Ce, P, and As were detected by an ARL-4460 direct reading spectrometer. The samples for composition analysis were cut from the top, middle, and bottom of the ingots, and the measurements were conducted three times in each sample. The relative standard deviation (RSD) was 0.5%, and the average value was taken as presented in Table 1 . The average chemical composition analysis results were shown in Table 1 . A JEOL JSM-7800F scanning electron microscope with EDS (Energy Dispersive Spectrometer) and a ZESIS ULTRA PLUS scanning electron microscope with EDS (Energy Dispersive Spectrometer) were used to observe inclusions. An OLYMPUS metallographic microscope equipped with a quantitative metallographic analysis system was applied to study the count and size of the inclusions in each sample. The total observed area for each sample was 0.18 mm 2 . The samples for inclusion analysis were cut from positions at 0.5R (R = the radius of ingot cross section) and 0.5H (H = the height of ingot) of ingots. The minimum particle size detected in the analysis was 0.463 µm. In the present study, thermodynamic analysis based on metallurgical physical chemistry was used to study the formation condition of cerium inclusions. The interaction coefficients in the steel at 1873 K are shown in Table 2 . According to the Wagner activity model, the activity coefficients of each element are calculated and are shown in Table 3 , and the thermodynamic data of some deoxidization reactions used in this research are shown in Table 4 . 
Results and Discussion
The Effect of the Cerium Addition on S and Total Oxygen (T.O) Content in C104Cr Steel
The total oxygen content (T.O) is generally considered to indicate the level of oxide inclusions in the steel, and sulfur is a common harmful element in steel. The mass fraction of the total oxygen content and sulfur content of 1 #~5# heats are shown in Figure 2 , and it is obvious that the total oxygen content and sulfur content in the steel decreases sharply with the increase of cerium content. The lowest total oxygen content can be controlled below 10 × 10 −6 , and the lowest sulfur content can be controlled below 20 × 10 −6 . That means cerium can play a role in depth deoxidization and desulfurization on the basis of vacuum carbon pre-deoxidization. −423,900 − 247.30T
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The Effect of the Cerium Addition on the Characteristics of Inclusions
Typical inclusions in 1 #~5# steel samples were presented in Table 5 . In 1 # steel without the cerium addition, the typical inclusions were MgO·Al2O3, Al2O3, and MnS. When the content of cerium in steel was 0.0136% and 0.0277%, the main inclusions in steel were Ce-O-S, and when the content of cerium was 0.0389% or above, the inclusions in the steel were Ce-O-S, CeS, Ce-S-O-P(As), Ce-O-P, and Ce-P(As). According to the energy spectrum of the Ce-O-S inclusions in Table 5 , the S content of Ce-O-S inclusions was high, and these kinds of inclusions were judged to be Ce2O2S and CeS inclusions. Ce-S-O-P(As) inclusions and Ce-O-P inclusions were presumably composed of various inclusions, so these two inclusions need to be further examined for judging the composition and structure with SEM-mapping of elements.
In order to study the formation conditions of the cerium inclusions, the phase stability diagram of the inclusions bearing cerium in the C104Cr steel was founded when [%Ce] was set as 0.0277%, as shown in Figure 3 
Typical inclusions in 1 #~5# steel samples were presented in Table 5 . In 1 # steel without the cerium addition, the typical inclusions were MgO·Al 2 O 3 , Al 2 O 3 , and MnS. When the content of cerium in steel was 0.0136% and 0.0277%, the main inclusions in steel were Ce-O-S, and when the content of cerium was 0.0389% or above, the inclusions in the steel were Ce-O-S, CeS, Ce-S-O-P(As), Ce-O-P, and Ce-P(As). According to the energy spectrum of the Ce-O-S inclusions in Table 5 , the S content of Ce-O-S inclusions was high, and these kinds of inclusions were judged to be Ce 2 O 2 S and CeS inclusions. Ce-S-O-P(As) inclusions and Ce-O-P inclusions were presumably composed of various inclusions, so these two inclusions need to be further examined for judging the composition and structure with SEM-mapping of elements. [%S] In order to clarify the formation mechanism of the cerium composite inclusions in the 4 #~5# steel, SEM-mappings of typical Ce-O-P inclusions and Ce-S-O-P(As) inclusions were conducted, and the results are shown in Figures 4-6 . According to the SEM-mappings results, there are two kinds of Ce-P-O inclusions in the 4 #~5# steel:
(i) The first type of Ce-P-O inclusions is shown in Figure 4 ; cerium, phosphorus, and oxygen are distributed throughout the whole inclusion, and the concentration is uniform and without fluctuation. The atomic percentages of cerium, phosphorus, and oxygen were determined to be nearly 1:4:1 (cerium/phosphorus/oxygen = 17.5%:71.9%:10.6%) using EDS. It is speculated that this indicates that they are CePO 4 inclusions. Wang et al. [17] reported that they found LaAsO 4 inclusions in high carbon steel with a lanthanum content of 0.059%. However, there is no literature on the thermodynamic data of cerium phosphate, so the formation mechanism of this type of inclusion needs further research.
(ii) The second type of Ce-P-O inclusion is a kind of double-layer composite inclusion, as shown in Figure 5 . Cerium is distributed throughout the whole inclusion, phosphorus is distributed in the center of inclusion, and oxygen is distributed in the outer layer of the inclusion. Therefore, this type of inclusion is a two-layer composite inclusion with a core of CeP covered with Ce 2 O 3 . Figure 6 presents the SEM-mappings of the typical Ce-S-O-P(As) inclusion. The results show that the cerium is distributed throughout the inclusions and the sulfur, arsenic, phosphorus, and oxygen are distributed from the inner layer to the outer layer, respectively. Thus, a possible formation order of each inclusion was obtained, and sulfide, arsenide, phosphide, and oxide formed sequentially in the steel. Therefore, this type of inclusion is a four-layer composite inclusion with a core of CeS covered with CeAs, CeP, and Ce 2 O 3 , successively. Figure 4 ; cerium, phosphorus, and oxygen are distributed throughout the whole inclusion, and the concentration is uniform and without fluctuation. The atomic percentages of cerium, phosphorus, and oxygen were determined to be nearly 1:4:1 (cerium/phosphorus/oxygen = 17.5%:71.9%:10.6%) using EDS. It is speculated that this indicates that they are CePO4 inclusions. Wang et al. [17] reported that they found LaAsO4 inclusions in high carbon steel with a lanthanum content of 0.059%. However, there is no literature on the thermodynamic data of cerium phosphate, so the formation mechanism of this type of inclusion needs further research.
According to the SEM-mappings results, there are two kinds of Ce-P-O inclusions in the 4 #~5# steel: (i) The first type of Ce-P-O inclusions is shown in
(ii) The second type of Ce-P-O inclusion is a kind of double-layer composite inclusion, as shown in Figure 5 . Cerium is distributed throughout the whole inclusion, phosphorus is distributed in the center of inclusion, and oxygen is distributed in the outer layer of the inclusion. Therefore, this type of inclusion is a two-layer composite inclusion with a core of CeP covered with Ce2O3. Figure 6 presents the SEM-mappings of the typical Ce-S-O-P(As) inclusion. The results show that the cerium is distributed throughout the inclusions and the sulfur, arsenic, phosphorus, and oxygen are distributed from the inner layer to the outer layer, respectively. Thus, a possible formation order of each inclusion was obtained, and sulfide, arsenide, phosphide, and oxide formed sequentially in the steel. Therefore, this type of inclusion is a four-layer composite inclusion with a core of CeS covered with CeAs, CeP, and Ce2O3, successively. Figure 7a shows the variation of the number of inclusions per unit area NA and the average size dA with different cerium contents. The number of the inclusions per unit area NA increased significantly with the increase of the cerium content, and it reached its maximum when the cerium content was 0.0676%. The average diameter of the inclusions, dA, experienced some fluctuation, falling slightly to 1.35 μm and then rising dramatically to 2.13 μm. When the cerium content was less than 0.0389 wt % (4 # ), it could effectively realize the refinement of the inclusions in the steel, and the number of inclusions experienced a small increase. So, a proper cerium addition is beneficial to promote the miniaturization of the inclusions. When the content of cerium was more than 0.0389 wt %, the inclusion diameter and the number of inclusions suffered an increase at the same time. This is because cerium composite inclusions formed in the steel with a high cerium content, and their particle diameters were larger than that of the single particle inclusion. Figure 7a shows the variation of the number of inclusions per unit area N A and the average size d A with different cerium contents. The number of the inclusions per unit area N A increased significantly with the increase of the cerium content, and it reached its maximum when the cerium content was 0.0676%. The average diameter of the inclusions, d A , experienced some fluctuation, falling slightly to 1.35 µm and then rising dramatically to 2.13 µm. When the cerium content was less than 0.0389 wt % (4 # ), it could effectively realize the refinement of the inclusions in the steel, and the number of inclusions experienced a small increase. So, a proper cerium addition is beneficial to promote the miniaturization of the inclusions. When the content of cerium was more than 0.0389 wt %, the inclusion diameter and the number of inclusions suffered an increase at the same time. This is because cerium composite inclusions formed in the steel with a high cerium content, and their particle diameters were larger than that of the single particle inclusion. 
The Effect of the Cerium Addition on the Number, Size, and Distribution of Inclusions
Discussion on Evolution Mechanism of CeP, CeAs, and Cerium Composite Inclusions
According to the analysis and results above, many CeP, CeAs, and cerium composite inclusions (Ce-P-O inclusions with a double-layer structure and Ce-S-O-P(As) inclusion) formed in the 4 #~5# Figure 7b shows the diameter distribution of the inclusions in the 1 #~5# steel. It is obvious that the proportion of large-sized inclusions (especially for sizes larger than 5 µm) in the steel experienced some fluctuation and decreased sharply when the content of cerium increased from 0 to 0.0277 wt %, suffering a dramatic increase when the content of cerium increased to 0.0676 wt %.
According to the analysis and results above, many CeP, CeAs, and cerium composite inclusions (Ce-P-O inclusions with a double-layer structure and Ce-S-O-P(As) inclusion) formed in the 4 #~5# steels. This result indicates that the cerium addition can combine with phosphorus and arsenic. The formation condition of CeP and CeAs inclusions and these composite inclusions will be discussed below. Figure 8 shows that CeP and CeAs inclusions are difficult to form under steelmaking temperatures. Thus, we suppose that they may form during the cooling process, and the relationship between the formation of the Gibbs free energy of the CeP and CeAs inclusions and temperature was established as shown in Figure 9 . The formation of the Gibbs free energy and temperature of the CeP and CeAs inclusions before solidification are always positive, so CeP and CeAs inclusions are difficult to form during the cooling process of molten steel before solidification.
diameters
Referring to the work of Xin [18] and Wang [13] , it is inferred that the distribution ratio of cerium, phosphorus, and arsenic between solid and liquid changes in the solidification process of molten steel, and the segregation of these three elements occurred, which satisfied the formation thermodynamic conditions of the CeP and CeAs inclusions. In the present experiment, the ingot cooling rate was slow, and the segregation of cerium, phosphorus, and arsenic was promoted in the solidification process.
If the actual activity product ( In this experiment, the composition of the 4 # steel was selected to calculate and compare the actual activity product and equilibrium activity product of the CeP and CeAs inclusions during the solidification process. The Brody-Flemings model modified by Clyne and Kurz was taken into account in determining the solute concentration in the liquid phase at the solidification front [18] [19] [20] [21] , as shown in Equations 1-5. The Brody-Flemings model is a commonly used model for microsegregation calculation. As Clyne and Kurz explained, when α is large, the Brody-Flemings model predicts less enrichment in the liquid phase than the Lever rule, so it is physically unreasonable, and so, Clyne and Kurz modified this model by correcting α to fit extreme cases (when the solidification parameter α is close to 0 or ∞) [19] [20] [21] . In the present study, the approximate cooling rate of the ingot was provided on the basis of the average value of the secondary dendritic arm Referring to the work of Xin [18] and Wang [13] , it is inferred that the distribution ratio of cerium, phosphorus, and arsenic between solid and liquid changes in the solidification process of molten steel, and the segregation of these three elements occurred, which satisfied the formation thermodynamic conditions of the CeP and CeAs inclusions. In the present experiment, the ingot cooling rate was slow, and the segregation of cerium, phosphorus, and arsenic was promoted in the solidification process. If the actual activity product (a Ce · a P ) ac and (a Ce · a As ) ac in the C104Cr liquid steel exceeds the equilibrium activity product (a Ce · a P ) eq and (a Ce · a As ) eq , respectively, then the CeP and CeAs inclusions satisfy the formation condition.
In this experiment, the composition of the 4 # steel was selected to calculate and compare the actual activity product and equilibrium activity product of the CeP and CeAs inclusions during the solidification process. The Brody-Flemings model modified by Clyne and Kurz was taken into account in determining the solute concentration in the liquid phase at the solidification front [18] [19] [20] [21] , as shown in Equations (1)- (5). The Brody-Flemings model is a commonly used model for microsegregation calculation. As Clyne and Kurz explained, when α is large, the Brody-Flemings model predicts less enrichment in the liquid phase than the Lever rule, so it is physically unreasonable, and so, Clyne and Kurz modified this model by correcting α to fit extreme cases (when the solidification parameter α is close to 0 or ∞) [19] [20] [21] . In the present study, the approximate cooling rate of the ingot was provided on the basis of the average value of the secondary dendritic arm according to the corrosion results of the secondary dendritic arm of the as-cast steel sample, and the input value of the average secondary dendritic arm spacing was set as 48.54 µm. The liquid phase range of the C104Cr steel was calculated using Thermo-calc software. According to the calculated results, the liquidus temperature was set as 1728 K, and the solidus temperature was set as 1604 K. The segregation constants used for calculation are listed in Table 6 .
where C L (mass%) is the solute concentration in the liquid phase at the solidification front, C 0 (mass%) is the initial concentration of the solute in the liquid steel, f S is the solidification fraction, k is the partition coefficient of solute, D S (m 2 ·s −1 ) is the diffusion coefficient of the solute, t S (s) is the regional solidification time, λ (m) is the secondary dendritic arm spacing, T L (K) is the liquidus temperature, T S (K) is the solidus temperature, and R C (K·s −1 ) is the cooling rate. Table 6 . Segregation constants [18, [22] [23] [24] [25] . The equilibrium activity product is obtained from the chemical isothermal equations of the CeP and CeAs inclusions' formation reactions, respectively, as shown in Equations (6) and (7), and the liquid temperature at the solidification front is obtained from Equation (8) [26] .
ln (a Ce · a P ) eq = −215534 + 157.74T RT (6) ln (a Ce · a As ) eq = −302040 + 237.2T RT (7)
The actual activity product of CeP and CeAs inclusions exceeds the equilibrium activity product at the end of the solidification, as shown in Figures 10 and 11 . The formation thermodynamic conditions of CeP and CeAs inclusions are satisfied during the solidification process. In fact, the formation of CeP and CeAs inclusions during solidification faces the competitive combination of oxygen and sulfur, which indicates that a higher cerium content and lower oxygen and sulfur content are key factors for the formation of CeP and CeAs inclusions. The higher cerium content satisfies the thermodynamic and kinetic conditions of the cerium inclusions. Under the present experimental conditions, when [%Ce] was more than 0.0389 wt %, [%O] was less than 0.0001 wt %, and [%S] was less than 0.0022 wt %; CeP and CeAs inclusions can form in large quantities in C104Cr saw wire steel.
The actual activity product of CeP and CeAs inclusions exceeds the equilibrium activity product at the end of the solidification, as shown in Figures 10 and 11 . The formation thermodynamic conditions of CeP and CeAs inclusions are satisfied during the solidification process. In fact, the formation of CeP and CeAs inclusions during solidification faces the competitive combination of oxygen and sulfur, which indicates that a higher cerium content and lower oxygen and sulfur content are key factors for the formation of CeP and CeAs inclusions. The higher cerium content satisfies the thermodynamic and kinetic conditions of the cerium inclusions. Under the present experimental conditions, when [%Ce] was more than 0.0389 wt %, [%O] was less than 0.0001 wt %, and [%S] was less than 0.0022 wt %; CeP and CeAs inclusions can form in large quantities in C104Cr saw wire steel. According to the SEM mapping results, as shown in Figures 5 and 6 , Ce2O3 inclusions concentrated in the outer layer of CeP inclusions. Therefore, it is supposed that the Ce2O3 inclusions layer is a product of the high-temperature solid-state reaction. It is known that the solid solubility of oxygen decreases with decreasing temperatures, and this is a significant reason for the formation of Ce2O3 inclusions during the cooling process. In view of the situation, two possible mechanisms regarding the formation of Ce2O3 inclusions were supposed:
(i) Ce2O3 inclusions formed from the combination of [Ce] and [O] directly, and the reaction is shown by Equation 9 . The CeP inclusions precipitated during solidification served as a nucleation core for the Ce2O3 inclusions, and then, the CeP inclusions were covered with the later-formed Ce2O3 inclusions.
(ii) Ce2O3 formed by way of oxygen replacing the phosphorus of CeP. That means that Ce2O3 found in the outer layer of the CeP is the product of an oxidization reaction between CeP and [O]. This mechanism was supported by a significant phenomenon-the mixed layer of CeP and Ce2O3, 
(ii) Ce 2 O 3 formed by way of oxygen replacing the phosphorus of CeP. That means that Ce 2 O 3 found in the outer layer of the CeP is the product of an oxidization reaction between CeP and [O]. This mechanism was supported by a significant phenomenon-the mixed layer of CeP and Ce 2 O 3 , which existed around the boundary between the two layers in the composite inclusions. The reaction equation and mechanism diagram were shown in Equation (10) and Figure 12 , respectively, and the approximate calculation result of the Gibbs free energy of the reaction at 1604 K was −813,803 J·mol −1 . After the formation of CeP, the mixed layer of CeP and Ce 2 O 3 formed in the outermost layer of composite inclusions with this reaction, and the reaction in different inclusions proceeded to different extents. 
Combined with the above thermodynamic and kinetic analysis, a formation mechanism of the I-type of inclusion (Ce-S-O-P (As) inclusions) and the II-type of inclusion (Ce-P-O inclusions with a double-layer structure) in C104Cr steel with high cerium content was proposed, as shown in Figure 13 . For the I-type of inclusion, CeS inclusions precipitated at 1600 °C and then served as the nucleation core for CeP or CeAs inclusions during the solidification process, and then, Ce2O3 formed in the outer layer of CeP with the decrease of the temperature. For the I-type of inclusion, CeS inclusions precipitated at 1600 °C and then served as the nucleation core for CeP or CeAs inclusions during the solidification process, and then, Ce2O3 formed in the outer layer of CeP with the decrease of the temperature. For the I-type of inclusion, CeS inclusions precipitated at 1600 • C and then served as the nucleation core for CeP or CeAs inclusions during the solidification process, and then, Ce 2 O 3 formed in the outer layer of CeP with the decrease of the temperature.
For the II-type of inclusion, CeP inclusions precipitated directly in molten steel, and then, the formation reaction of Ce 2 O 3 occurred. As a result, Ce 2 O 3 formed in the outer layer of the inclusion.
